Isatis indigotica Fort. (Chinese woad) has been widely used as a dye-and medicinal-plant in traditional Chinese medicine. Although I. indigotica has been cultivated in various regions across China in recent years, its innate immunity is little known. In this study, a protein with MW 37.5 kDa was purified from the extract of fresh Isatidis roots by SP-5PW cationic exchange and POROS HP2 hydrophobic interaction chromatography. The N-terminal amino acid sequence of the purified protein was subsequently determined as T-D-L-C-H-K-D-P-K-N-T-L-L by Edman degradation. The N-terminal sequence and PG inhibitory activity identified the purified substance as a polygalacturonase inhibiting protein. This purified Isatidis PGIP with a specific activity of 7.64×10 4 U/mg showed strong inhibitory activity against 160 U of Aspergillus niger polygalacturonase. Compared with PGIPs from guava and bean pods, Isatidis PGIP showed very poor pH and heat stabilities, which may represent the different need of plant innate immunity between plant underground and aboveground organs.
Polygalacturonase inhibiting proteins (PGIPs), members of a superfamily of leucine-rich repeat (LLR) proteins [1, 2] , play an important role in plant innate immunity. Most PGIPs were found to attach to plant cell walls through ionic bonds [3] , recognizing and inhibiting fungal poly-galacturonases (PGs) [4] , which are responsible for the hydrolytic degradation of pectic compounds of the cell wall and important in fungal pathogenesis. PGIPs are widely distributed in dicotyledonous and monocotyledonous plants [5, 6] and have been isolated from different plant organs including fruit, stem, leaf and root [7] [8] [9] [10] [11] . PGIPs from different plants exhibit inhibitory activity against PGs from different fungal species [12] , which can be highly specific [13] .
Isatis indigotica Fort. (Chinese woad), a biennial herbaceous plant species, has been used as a dye-plant and medicinal herb in traditional Chinese medicine [14] . "Ban-Lan-Gen", which refers to the dried Isatidis roots, is widely employed in the treatment of bacterial infections such as erysipelas, toxic heat, and pneumonia [15] [16] [17] . Its earliest record as a medicine is in a Chinese medical classic, 'Qian Jin Fang', written in C.E. 652 by the famous physician Simiao Sun [18] . For its extensive clinical use over a long time period, Isatidis roots became one of the most popular herbal medicines in China.
In this study, a protein with MW 37.5 kDa was purified from an extract of fresh Isatidis roots and subsequently subjected to Nterminal sequencing and PGIP assay. The N-terminal sequence and PG inhibitory activity identified the purified protein as a member of the PGIPs. The specific activity, pH stability and heat stability of this Isatidis PGIP were subsequently investigated Purification and identification of PGIP: In our previous study, a protein from I. indigotica root extract with MW 37.5 kDa was found to be significantly non-enzymatically glycated by Maillard reaction during storage and sun-dried processing after harvest (unpublished data). To fully understand the glycation of this protein in I. indigotica, we attempted to isolate and identify it (non-glycated form) from fresh I. indigotica root extract in this study, which led to the discovery of a polygalacturonase-inhibiting protein. However, the aim of the separation procedure was to purify the target protein with MW 37.5 kDa. The purified protein was not subjected to PGIP assay until it was identified as a PGIP by BLAST of its N-terminal sequence in database.
The protein concentration of the extract was significantly increased by means of hollow fiber ultrafiltration (shown in Fig. 2 , lanes 2 and 3). The concentrated extract of I. indigotica root was separated into four main fractions named SP1, 2, 3, and 4 by SP-5PW cation exchange chromatography, as shown in Fig 1. The SDS-PAGE result indicated that the target protein was mainly in SP2 ( Fig 2) . The pooled SP2 was further subjected to a Poros HP2 hydrophobic interaction column. As shown in Figures 3 and 4 , the 37.5 kDa protein was eluted within the first peak named SP2HPP1. The SDS-PAGE of SP2HPP1 showed a single band, whose molecular weight and isoelectric point (pI) were estimated to be approximately 37.5 kDa and 8.59. Approximate 1.2 mg of this 37.5 kDa protein was finally purified from 100 g fresh root of I. indigotica.
The N-terminal amino acid sequence of the purified protein was determined as T-D-L-C-H-K-D-P-K-N-T-L-L by Edman degradation. The NCBI database search showed that the N-terminal sequence of this purified protein showed high similarity to those of proteins of the plant PGIP family. The subsequently PGIP assay also proved that this protein has PG inhibitory activity.
The ability of increasing amounts of this purified Isatis PGIP to inhibit PG from Aspergillus niger in very high concentration (approximate 160 U) was investigated. As shown in Fig. 5 , the inhibitory activity of the purified PGIP increased nearly linearly in the range 0.030 to 0.150 mg. The PGIP samples at concentrations of 0.15, 0.20 and 0.25 inhibited by above 90% rather than 100% the activity of 160 U PG from A. niger. By defining 1 U of inhibitor as the amount of inhibitory protein required to reduce by 50% the activity of 1 U PG, the purified Isatis PGIP has a specific activity against A. niger PG of 7.64×104 U/mg. Heat and pH stability: When incubated at temperatures ranging from 25 to 100°C for 20 min, the purified Isatis PGIP showed poor themostability against PG (approximate 160 U) from A. niger (as shown in Fig. 6 ). The purified Isatidis PGIP showed significant loss in activity at temperatures ranging from 37 to 100°C. A complete loss of PGIP activity was seen at 100°C; even at 37°C, the PGIP activity dropped to 76.6%. When incubated for 1 h at different pHs, Isatidis PGIP showed poor stability over the pH range of 2-11. As shown in Fig. 8 , the optimal pH for Isatidis PGIP appeared to be 9.0, although its inhibitory activity dropped to approximately 55% after incubation for 1 h at pH 9.0.
As first described by Fortune in 1846 [22] , I. indigotica is widely distributed in the Yangtze River valley. Its dried root, banlangen, became one of the most popular medicines in China, and, therefore, the plant has been cultivated in various regions across China using good agricultural practice. However, the innate immunity of I. indigotica is little known compared with those of other widely cultivated economic plants. A PGIP, which was well established for its importance in plant defense, was purified and identified from the fresh root of I. indigotica in this study. The molecular weight estimated by SDS-PAGE was 37.5 kDa, which is similar to those of PGIPs from bean and fruit [23] [24] [25] .
Unlike enzymes, there appears to be a lack of a standard activity unit of PGIP, which makes it very difficult to compare PG inhibitory activities between PGIPs from different plant and plant tissues. PGIP assays were set against different PGs from crude preparations of fungal [8, 23] , microbial and plant origin [7] , or even the purified A. niger PG, whose concentrations and enzyme activities varied from study to study. However, this purified Isatis PGIP showed strong inhibitory activity against 160 U of A. niger. By defining 1 U of inhibitor as the amount of the inhibitory protein required to reduce by 50% the activity of 1 U PG, the purified Isatis PGIP has a specific activity against A. niger PG of 7.64×104 U/mg. The optimal pH for Isatis PGIP (pH 9.0) differed from those of PGIPs from guava and bean pods (above pH 4.0) [23] [24] . Unlike the guava PGIPs, which were stable over a pH range of 2-4 when incubating for 16 h, Isatis PGIP showed very poor pH stability over a pH range of 2-11; even when kept at its optimal pH for 1 h, the inhibitory activity dropped to approximately 55%. Furthermore, Isatis PGIP showed very poor themostability against PG at temperatures ranging from 37 to 100 C. Some plants possess small gene families coding for different PGIP isoforms [5] ; the concentration and distribution of these isoforms varied in the different plant organs [26] . Different PGIPs exhibit inhibitory activity against different PGs from a range of fungal species [12] , which may reflect different fungal pathogenesis between plants and plant organs. The difference in the PGIP properties between Isatis root PGIP and guava PGIPs may indicate the different need of the plant innate immunity between an underground organ and other organs. Ground fresh root of I. indigotica (100 g) was extracted with 300 mL of PBS buffer (0.01 mol/L, pH 7.2, contains 0.1 mol/L NaCl) overnight at 4°C. The extract was centrifuged at 12,000 g for 15 min and the debris was removed. The supernatant was subsequently concentrated by using a hollow fiber ultrafiltration membrane module (6 kDa molecular weight cut-off; Motimo Membrane Technology Ltd., China).
Experimental

Plant materials and extract preparation: Isatis indigotica
Purification of PGIP from I. indigotica root extract:
The concentrated extract as described above (15 mL) was diluted to 30 mL with 0.02 M citrate buffer (pH 4.0) and subsequently loaded onto a SP-5PW cation exchange column (3.9 × 300 mm, 10 μm, Tosoh Biosep, Montgomeryville, PA) equilibrated with the same citrate buffer. The PGIP was eluted with a linear gradient of sodium chloride in citrate buffer (0.02 M, pH 4.0), in which the concentration of sodium chloride was raised from 0 to 0.15 M in 40 min, followed by a linear gradient of sodium chloride from 0.15 to 1.0 M in 30 min. The flow rate was 1.0 mL/min. Absorbance of the column effluent was monitored at 280 nm.
The fractions containing a 37.5 kDa protein from SP-5PW were pooled. Ammonium sulfate was added to a final concentration of 1.0 M. Five mL of the pool was then loaded at 2 mL/min to a Poros HP2 hydrophobic interaction chromatography column (4.6 × 250 mm, PerSeptive Biosystems, Framingham, MA) previously equilibrated with 0.02 M phosphate buffer containing 1.0 M (NH 4 ) 2 SO 4 . The PGIP was eluted in a linear gradient from 1.0 to 0 M of (NH 4 ) 2 SO 4 in 15 min. Absorbance of the column effluent was monitored at 280 nm. The fractions containing the 37.5 kDa protein were pooled and freeze-dried for further analysis.
Protein determination: Proteins were determined by the method of Bradford [19] with BSA as standard.
Electrophoresis: SDS-PAGE was conducted on a 0.1% SDS-12% polyacrylamide slab-gel using the method of Laemmli [20] . The gel was stained with 0.1% Coomassie brilliant blue R-250 in 50% methanol-7% acetic acid, and was destained in 7% acetic acid.
N-terminal sequencing by Edman degradation: Automated Edman degradation was performed using an Applied Biosystems 491
Procise sequencer. The resultant amino acid derivative (a phenylthiohydantoin amino acid) was analyzed by a capillary liquid chromatography system. The primary structure was obtained by comparing the elution position of standard PTH-AA. The sample (100 µL) was added to the filter of a small rotating glass cylinder and allowed to dry under helium. The limit of detection of phenylthionydantoin (PTH)-amino acids was 0.5 pM and the sequencer required 45 min for each successive amino acid cleavage.
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Enzyme assay:
A purified Aspergillus niger pectinase was kindly donated by Fuda Biotech Ltd. Company, China. Pectinase solution (0.7 mL; 20 μL in 0.2 M, pH 5.0 acetate buffer) was mixed with 0.3 mL of substrate solution (0.15% polygalacturonic acid in 0.2 M, pH 5.0 acetate buffer, w/v) and incubated at 30°C for 30 min. The reducing groups liberated were subsequently estimated after 30 min of incubation by the DNS method [21] . One unit of enzyme activity is defined as the amount of enzyme that liberates 1 μmol of galacturonic acid from polygalacturonic acid per min at 30°C at pH 5.0. PGIP assay: PGIP solutions (0.6 mL; 0.018-0.15 mg in 0.2 M, pH 5.0 acetate buffer) were incubated with 0.1 mL of pectinase solution at 30°C for 30 min. The same amount of pectinase in acetate buffer (0.2 M, pH 5.0) was used as blank control to evaluate the inhibitory activities. One unit of inhibitor is defined as the amount of inhibitory protein required to reduce by 50% the activity of 1 U PG at 30°C at pH 5.0.
Heat stability:
The thermal stability of the purified PGIP sample was estimated by determining the residual activity of the enzyme solution after incubation at various temperatures. The PGIP sample was treated at 25, 37, 45, 55, 70, 85 and 100°C for 20 min. pH effects: The purified PGIP sample was incubated in 0.2 M buffers in a pH range from 2.0 to 11.0 (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0) to assay the effect of pH on inhibitor stability. Residual PGIP activity was determined after treating for 1 h at room temperature. A purified PGIP sample without incubation was subject to PGIP assay as control; its inhibitory activity was set as 100% relative activity.
